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ABSTRACT 
The  IBM  SOLID  system models complex 3D objects by 
combining volume primitives.   These primitives  are 
geometric volumes such as cuboids, cylinders, and swept 
polygons.  IBM SOLID uses an Interactive graphic input 
subsystem "called GRIN  (GRaphtc INput)i which aids the 
mechanical designer in easily entering and manipulating 
primitives.   GRIN allows the user to translate, rotate, 
and scale the primitives, as well as to combine them. 
using the  set operations of  union,  difference,  and 
1 
.Intersection.  With the implementation of user interfaces 
such as  GRIN,  solids modeling becomes a viable and 
promising alternative to traditional design. 
The purpose of this thesis  is to expand GRIN's 
capabilities to include geometric constructions  in a 
plane.   This regulres the user to first establish a 
working plane by specifying its orientation in 3D space. 
(The user will in effect be defining a true local 
coordinate system). Points, lines, circular arcs, and 
circles can then be created by using such geometric 
relations as intersections, tangents, and normals.   The 
1  .- - 
w. Fitzgerald; F. Gracer, R. Wolfe, "GRIN: interactive 
Graphics for Modeling Solids," IBM j. Res. Develop. 25, 
1981, pp. 281-294. 
-      1 
•W' 
results  can be used as construction aids for defining 3D 
objects, especially to create polygons for translation or. 
rotation. ,.. 
This thesis involves the development of an 
interactive system to create geometric constructions in a 
plane. A top down structured approach was used in 
developing the design of the system. Special emphasis 
was placed on the user interface to the system, 
especially in the areas of menu design and response time. 
The detailed design of the system is "included and can 
function as ah operator's manual. 
1. BACKGROUND 
Solid modeling systems enable users to create models 
o£  3D objects out of solid shapes.  In development since 
the late 60's these  systems  are  now  emerging  in  the 
7 
marketplace in full force. 
3 
According  to  Kinnucan , there are two main reasons 
for the recent emergence of these systems.   First,  the 
computational costs required for solid modeling have been 
drastically reduced  due  to  technological advancements 
with computer processors.   Previously,  computer  costs 
were a significant market restriction. 
Second, users are becoming more aware of the 
capabilities of Computer Aided Design/Computer Aided 
Manufacturing (CAD/CAM) systems. Users have witnessed 
rapid technological growth in these system capabilities 
from 2D drafting aids to 3D wireframes. In addition 
non-drafting tasks have been added such a producing and 
verifying machine tool programs and performing 2D finite 
element analysis. 
Solid modelers provide siemificant  advantages  over 
2 
P.  Kinnucan,  "Solid  Modelers  Make the Scene", High 
Technology, July/August, 1982, D. 38. 
3 
IBID., p. 38. 
4 
current 3D wireframe systems.  According to Kinnucan and 
to  Requicha and Voelcker,  the  capabilities of solid 
.modeler's are many and include: 
1. Wireframe representations are ambiguous, in 
that a wireframe drawinq could have several 
Interpretations, with solids, hidden lines 
can be automatically removed to clarify the 
drawing. Shading can also be added to produce 
an even more realistic drawing. 
2. "Nonsense" objects are tolerated in wireframe 
systems. The user, rather than the system, 
must detect such anomalies as a missing edge. 
Solid modelers avoid this problem. 
3. Interference checking can be performed with 
solid modelers to determine whether objects 
are touching one another. This aids in the 
kinematic analysis of functional parts (as in 
robot simulations) as clearances between parts 
can be continually checked. This reduces the 
need for mechanical prototypes. 
* 
4. Users of wireframe systems must supply a lot 
of .low-level data to describe a part. Solid 
modelers "use oowerful model building 
operations. Designers can create complex 
models quickly from slmole solid shapes. 
5. Solid modelers allow for automatic process 
planning and machine tool verification. The 
models on current design systems do not 
provide  sufficient  Information  for  these 
4 
Kinnucan, op. cit., PP. 39-40. 
5 '  ■   ■ • 
A.A.G. Requicha and H.B. Voelcker, "Solid Modeling: A 
Historical Summary and Contemnorary Assessment", IEEE 
Graphics, March, 19B2, p. to. 
functions. 
6. Solid modelers enable finite element analysis 
to be performed automatically on 3-D, objects. 
The results of the analvsls can be displayed 
to enable engineers to visualize the effects 
of such factors as stress and heat on a part. 
7. Solid modelers can be used to define objects 
to a robot thus; robots can recognize objects 
in any spatial orientation. 
There  are two main epDroaches to defining solids in 
the computer:  constructive solid geometry  (CSG)  and 
boundary representation  (B-reD).  in CSG, the object is 
described in terms of elementary  shapes,  or primitives 
(ie.   cuboids,   cylinders  and  hemispheres).   These 
primitives are linked together in a tree  structure with 
the  Boolean  operations  of  union,  difference and 
6 
intjexsection. 
In B-rep systems, a solid  is  represented by its 
boundaries.   The model  is stored as a linked list of 
faces, edges and vertices.  B-reo systems allow the  user 
to  create  swept  solids by translating or rotating a 2D 
section of an object.  With a B-rep system, a user *must 
typically draw all of the edges of the solid and indicate 
6 
R. Hillyard, ".The BuUd Group of Solid Modelers", IEEE 
Graphics, March,^1982, p. 44. 
\ 
7 
the relationships among them. 
This  thesis  addresses IBM's solid modeling system, 
"IBM SOLID".   This  system models  complex mechanical 
objects  from  volume primitives.   within IBM SOLID, a 
iiodel is represented as a hierarchical  structure which 
8 
retains  primitives  at  the  lowest level.  IBM SOLID is 
uainly a B-rep system but  the  capability of CSG also 
exists.       The  system  largely  uses  polyhedral 
representations in which objects are defined with polygon 
faces. 
IBM  SOLID  uses  an  Interactive  graphic  input 
subsystem called GRIN  (GRaphic  INput), which aids the 
mechanical designer In creating and manipulating objects. 
Although IBM SOLID is a B-rep  svstem,  GRIN allows  the 
us«r to input volume primitives (le. The user can define 
a cuboid by entering 4 points).  In addition, GRIN allows 
the user to translate, rotate or scale solid objects,  as 
well as to combine them with Boolean operations. 
7 
Kinnucan, op. cit., p. 40. 
8 
W. Fitzgerald, F. Gracer, R Wolfe, op. cit., p. 281. 
9 
IBID., p. 282. 
It is the purpose of this thesis to expand GRIN'S 
capabilites to include ereometric constructions in a 
Plane. 
2. PROBLEM DEFINITION 
The IBM SOLID system Is limited in its ability to 
generate polygons which can be translated or rotated into 
solids. Currently, polygons can only be created by 
connecting lines and arcs in a series, with lines being 
defined "only by entering two end points, and arcs only by 
entering two surface points and a center point. The need 
existed for the mechanical designer to create 2D elements 
(points, .lines, arcs and circles) using construction 
aids. For example, users desired the ability to create a 
circle by selecting three tanaent lines. 
In addition, construction aids were needed to define 
positions for the creation and placement of volume 
primitives. The 2D elements mentioned above can be used 
to define these positions for the volume primitives. For 
example, a pdint created using construction aids could be 
selected as a corner Doint of a cuboid. Thus; 2D 
construction aids would be an excellent productivity 
enhancement to the current solids system. 
The specific tasks of this thesis involve defining 
and implementing the capabilitLwr^for the GRIN user tV: 
- Create 2D elements on a. working plane using 
geometric constructions. ^ 
For example, the user can create a circle by 
selecting a center point and a line to which 
the circle will be tangent. 
Edit the 2D elements within a working plane. 
This includes rotating, translating, copying, 
scaling, refacetiog* erasing, and segmenting 
these elements. 
Generate volume primitives using 2D elements 
from a working plane. For examole, points 
created on a working Diane can be used to 
define a cuboid or, a polygon in a working 
plane can be translated to create a solid. 
Create 2D elements using solid objects. For 
example, a point can be created In the working 
plane by projecting a v&rtex from a solid on to 
that plane. 
In accomplishing the above tasks, the issue of user 
friendliness was a big concern. For productivity gains 
to be realized, the construction aids must be designed 
for ease of use by a mechanical designer. 
3. METHODOLOGY 
A top down modular aDnroach was used Jji the 
development of this system. »<alr»r design decisions were 
made at the top levels before much time had been invested 
in defining (or coding) the details. The various 
functions of the system were addressed in a modular 
fashion, thus facilitating a more understandable and 
maintainable system. 
Although many tasks overlap, this section has been 
divided into three nhases for clarity: analysis, 
structured design and implementation. 
1*!ANALYSIS 
a. Definition of .System Constraints 
System constraints which would limit or 
confine the system design were 
identified. Both the hardware and 
software environments were defined. 
b. Definition of User Reguirements 
The basic system reguirements were 
determined through interviews with the 
user group. In addition, other computer 
graphics and numerical control systems 
were investigated. These included CADAM 
from Lockheed, the Aoplicon 880 system, 
and APT (Automatically Programmed Tool). 
System reguirements were documented in a 
comprehensive user's guide which served 
as the basis for the entire sytem 
design. 
in 
2. STRUCTURED DESIGN,, 
a. Design of the Basic system Structure 
The major functional areas of the system 
were identified. These functions were 
arranged hierarchically and served as 
the backbone for the entire design 
process. 
b. Design of the Svstem Outputs 
The design of the system menus and 
messages took,Into account the following 
factors: 
- Ease of Use 
- Clarity of Prompts and Messages 
- Experience of the User (le. The use 
of defaults for the novice user) 
- Error Handling 
- Number  of  Entries  Required  to 
Execute a Function 
c. Design of the Data structures 
The file structures (in particular the 
design for the model and display files) 
were designed not only to be efficient 
for the proposed svstem but. also to have 
a minimal impact on the current system. 
d. Detailed Desion of the Modules 
Detailed  modules  were  designed which 
expanded  and  defined  the top level 
functional  areas.   The  modules wwere 
designed  to  tavre  advantage   of the 
structured design concept. Thus 
whenever  possible,  they were  small, 
independent,  "hiack* box" modules. Each 
nodule    general/I v   represented a 
11 
particular control or processing 
function. Pseudo-code and/or flowcharts 
were used to document these modules. 
3. IMPLEMENTATION 
a. Development of a Svstem Test Plan 
To insure successful integration into 
the current system * detailed test plan 
was developed . 
b. Implementation of Coding 
PLI was the orogramming language used 
for this system. Performance 
considerations fie. Response time) were 
taken into account at this time. In 
addition, since manv of the modules were 
performing common mathematical 
calculations, the use of currently 
developed software (ie. APT) was 
investigated. 
Since the codina of this system is 
beyond the scope of this thesis, this 
task: is not conmleted at this time. 
c. Development of nser's Training Guide 
A comprehensive but easy to follow 
user's guide was written for 
documentation and training purposes. 
12 
4. CONSTRAINTS 
The  system constraints which would limit or confine 
the system design were identified*  They include: 
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IBM  SOLID  runs  under  the  VM/CMS operating 
system.  RLI is the standard  source language 
used in developing the system. Assembler 
routines can be called from PLI. 
3. TIMETABLE 
Lehigh University currently has a three year 
research contract with IBM . to provide 
enhancements to IBM SOLID. These enhancements 
Include not only nlanar constructions, but 
also dimensioning and tolerancing. 
'*  t 
10 
W, Fitzgerald, F. Graeer, R. Wolfe, op. cit,, p. 291 
13 
5. SYSTEM DESIGN 
This system establishes * working Plane defined in 
3D space. The user can SDecify the origin and the 
orientation of a Local Coordinate System (LCS) which 
defines the plane. (See MODEL COORDINATE SYSTEMS.) Once 
the working plane has treen established, the user is 
limited to creating and editing 2D elements in that 
plane. Points, lines and circlps can be created using 
construction aids such as tangents, normals and 
intersections. These 2D elements can then be manipulated 
in the plane. Elements can be erased, moved, turned, 
scaled, reflected, copied and relimited. 
The system structure chart is shown in figure 5-1. 
As can be seen from the chart, the system was designed in 
a modular, hierarchical fashion. The main module "Enter 
Working Plane Mode" controls the execution of the entire 
system. It initializes a working plane or chooses a 
predefined working plane and then passes control to the 
next hierarchical module. The user can then "Create 
Working Plane Elements" or "Edit Working Plane Elements". 
These two functions are described in the Detailed System 
Design chapter. These two modules then call oth«r 
modules when necessary. These include.: 
14 
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1. Select Wording Plan* Elements. Given the type 
of element the user requires, this module 
searches through the display list (See Data 
Structure) to find the closest element to the 
position indicated by the user. The routine 
then extracts and returns the data for that 
element from the database. 
2. Collect 2D Points. This module is called 
whenever a 2D position is required. This 
position can be defined by keying in relative 
or absolute u and v coordinates, indicating a 
vertex, or Keying in a vertex name. 
3. Add 2D Elements to the Database. This module 
adds given element data to the database. It 
performs the housekeeDlng work involved in 
modifying the vertex and edge lists. 
4. Draw 2D Elements. When an element is first 
created it is displayed temporarily until*.-the 
user accepts it. Once accepted, the element 
is placed in the disolav file for redisplay 
when necessary. 
16 
6. DETAILED SYSTEM DESIGN 
A working plan* Is a ?n Diane Imbedded in 3D space. 
Vertices in 3D can be projected on to the plane; points, 
lines, • arcs and circles can be created; and 
intersections, tangents, and normals can be constructed. 
The results can be used as construction aids to help in 
the definition of 3D. oblects, especially to provide 
polygons to be translated (PT) or rotated (PR) into 
solids. 
The working plane is represented by a node in the 
database hierarchy; thus it can be manipulated by the 
sane commands used with solids. Once the user enters the 
working plane however, he/she is limited to entering and 
manipulating -2D elements onlv in the specified working 
plane (unless specifically instructed otherwise as in the 
PROJ sub-command). 
6.1 ESTABLISHMENT OF A WORKING PLANE 
WP <M> Enter Working Plane 
To create a new working Diane the ENTER key must be 
hit immediately'after the WP command. The user then has 
the following options: 
1. to hit the ENTER kev arrain to create a working 
plane at the orientation of the LCS. | The 
working plane will have the same origin as the 
LCS with the +w axis being perpendicular to 
the working plane. 
t7 
The LCS can be modified before hitting the 
ENTER key by using the LCp sub-command. 
2. to name or select a previously established 
working plane. The new working plane will be 
oriented to this plane. 
The working plane will be added to the hierarchy at 
the position defined by DFST and SELOBJ. 
A. previously defined working plane can be chosen by: 
1. keying in the name <N> of the working plane. 
2. selecting any element in the working plane. 
Once the user has entered a working plane the 
following iienu appears: 
PT/LINE/CIRCLE/CONLIN/EDITFL/RET 
The user may now create, modify or delete elements 
in the "working Plane. 
lfl 
6.2 CREATION OF WORKING PLANE ELEMENTS 
The user can construct ?n points, lines, arcs and 
circles while in a working Diane. These 2D elements are 
stored as edges of the workina plane; thus there is no 
node associated with them. 
When in the working Diane, elements can be selected 
either by activating the graDhics device ("IND") or by 
accepting the currently selected element. This element 
is the one last selected bv the user. The currently 
selected element can be highlighted using the HIELM 
sub-command in many of the WP menus. 
19 
6.2.1 POINT Creation of a Point Element 
A point can be create* as an element in the working 
plane through the use of the POINT function. It should 
be noted that vertices are not point elements unless 
specifically defined as such using the POTNT function. 
Point elements are disolaved as small squares on the 
screen. 
Upon the creation of a Doint, the user may reject 
the point, select another ooint sub-command or return to 
the main menu in working Diane mode. 
When creating a point, the following main menu will 
appear: 
CP/INT/CEN/EPT/SPA/NOR/aLFM/PROJ/ANG/ 
A cancel command entered while creating a point will 
return the user to this menu. & 
Each of the • sub-commands listed in the ab.ove menu 
will be described. 
1. CP Current Point 
A point element  is created at the current 
point indicator (CP). To create a point, the 
user must enter YN when the CP is at the 
desired location. 
The  CP  can be moved by any of the following 
methods: 
- LOC Cl C2 Absolute Tiocal Coordinates 
Move the CP to the coordinates  specified 
py Cl and C2 (u and v coordinates). 
- A <M> Axial Move 
Move the CP along tne A axis a distance 
N, where A can be either u or v. If M is 
not specified, the CP will be moved until 
its A axis coordinate is equal to that of 
a point to be selected, 
- FM <N> Find Named Vertex 
Move the CP to the vertex whose name is 
N. Vertices.are named using the NV (Name 
Vertex) command. Tt should be noted that 
a point element is also considered a 
vertex ( the reverse is not true 
however1). Only vertices contained in the 
wording plane are valid for this command. 
- IND Indicate a Vertex, 
The graphic device is used to select an 
existing vertex. Tt should be noted that 
a point element is also considered a 
vertex (the reverse is not true however). 
Only vertices contained in the working 
plane can be selected. 
- Cl C2 Relative Coordinates 
Relative u and v distances are assumed if 
the user enters in two coordinates^ Cl and 
2. IMT Intersection 
A point will be created at the intersection of 
two elements (line, arc, or circle). Where 
necessary, extensions of lines and arcs will 
be used for intersections Cie. Lines will be 
considered as unbounded lines and arcs will be 
considered as circles). If more than one 
intersection point is oosslble, the user must 
select the elements nearest the desired 
intersection point.  See figure1 6-1. 
7\ 
The  top  circle  was  selected  al- 
and  the bottom circle  at 2  to 
create  point  A. 
Figure 6-1:      INTFRSFCTTON OF TWO CIRCLFS 
3. CEN Center Point of an Arc or Circle 
A point will be created at the center of a 
selected arc or circle. 
4. EPT Endpolnts of a Mne or Arc 
A point Is defined at the endpolnts of a 
selected line or are. This function may be 
especially useful for distinguishing between 
contiguous collinear lines,. 
5. NOR Normal 
A point will be placed at the Intersection of 
a normal line drawn from a specified point to 
a selected line, arc or circle. Fxtenslons of 
all lines and arcs win be used. Se> figure 
6-2. 
77 
c 
+ 
A B D • 
Point   C  and line  AB  were  selected 
to  generate  point  D. 
Figure 6-2J POINT NORMAL TO A LINE 
6. SPACE <N> N Points Spaced Evenly 
N points will be spaced evenly along a 
selected line, arc or circle or between two 
vertices. Points are not created at the 
endpoints of a line or arc. For example, to 
create a point at the midpoint of a line or at 
the bisector of two points use "SPACE 1". If 
a circle is selected, N must be at least 2 and 
the user will be promoted to enter a reference 
point on the circle as the first point. 
7. ARCLEN Arc Length 
A point will be created a circular arc length 
from' a specified point. The center point of 
the arc must also be entered. See figure 6-3. 
All arcs will be determined in a counter- 
clockwise direction. 
?."* 
s 
Points  A' and 5.  were  selected-to  define 
the  start  point  and .center  point 
cf  the  arc. 
An  arc  length, of  5  was  keyed in to 
then  generate  point. C. 
Figure 6-3!   POINT CREATED AT CIRCULAR ARC LENGTH 
P 
?4 
After the point has been created, the user has '- 
the option to create the point In the opposite 
angle. 
8. PROJ Projection to Working Plane 
A  point  will be  created  by the normal 
projection of a specified  point  on to  the 
working plane. In this sub-function the user 
is not limited to the working plane when 
specifying the point to be projected.  All of 
the methods  in the  section,  "Specifying a 
Point in 3D" can be used. 
9. ANGLE An?le From a Line 
A point will be created a specified distance 
and angle from a selected line. A reference 
point on the line (or projected to the line) 
must be selected.  See fiaure 6-4. 
;B 
/      45 
X1 / / 
/ 
-4.  
Line   12 and point  A  were  selected. 
An angle ot 45 degrees and 
a  distance  were  keyed, in  to 
generate point B; 
Figure 6-4:      POINT TRFRTED AT AW ANGLE 
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After the point has been created, the user has 
the option to create the ooint in the opposite 
angle. 
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6.2.2 LINE Creation of a Line Element 
A line can be created as *n element in the working 
plane through the use of the LIME function. Where 
necessary, extensions of construction lines and arcs will 
be used (ie. Lines will be considered as unbounded lines, 
and arcs will be considered as circles). Upon the 
creation of a line, the user may relect the line, select 
another line subcommand, or return to .the main menu in 
working plane node. 
When creating a line the following main menu will 
appear: 
/LENGTH/UVLIM//POINT/TANG/BRR/PERP/ANGLF/ 
A cancel command entered while creating a line will 
return the user to the above menu. 
The u or v axes may be soecified whenever a line is 
reguired in any of the above sub-commands. For example, 
a line nay be created throuoh a point and parallel to the 
v axis.. 
Each of the sub-commands listed in the above rmenu 
will be described. 
1.  LEMGTH/UNLTM 
The user can create lines that are either 
unbounded or a given ,le-ngth. If a natural 
boundary exists for a line, the line length 
will default to the determined length. For 
example, a line ereated between^two points 
will be bounded by those two points.   If no 
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natural boundary exists fie. A line through a 
point and parallel to another line ) an 
unbounded line will be the default. If a line 
length different from the default is desired, 
the user must select either LENGTH, or UNLIM 
before selecting any other sub-command. If 
the length sub-command is selected the system 
will prompt for the starting point, a length 
and a direction* or the starting point and a 
limiting element, after the line has been 
defined. 
2. POINT 
The user must specify a point (point 1). The 
line to be created will be through this point. 
The following sub-menu win appear: 
/P3INT/TANG/PAR/PERP/AMGLE 
a. If POINT is again selected, the user is 
prompted to soeclfy another point (point 
2). A line is created between point 1 
and point 2. 
b. If TANG is selected, the user is 
prompted to select an arc or circle. A 
line is created through point 1 and 
tangent to the selected arc or circle. 
The location where the user selects the 
tangent arc or circle will be used to 
determine the desired line. See figure 
6-5. 
c. If PAR is chosen, the user is prompted 
to select a line. An unbounded line is 
created through point 1 and parallel to 
the selected line. 
d. If PERP is chosen, the user is prompted 
to select any line, arc or circle. A 
line is created through point 1 and 
perpendicular to the selected element. 
The location where the user selects the 
perpendicular arc or~circle wi}i be used 
to determine the desired line. 
2fl 
The circle was selected at 1 to 
generate line AB. 
Figure 6-5:  LIMP TANGENT TO A CIRCLE 
If ANGLE is chosen, the user must select 
a line and kev in the number of degrees 
the angle forms with the line. An 
unbounded line is created through 
point 1. All angles are measured in a 
counterclockwise direction. 
3, TANG 
The user must select an arc or circle (eleml). 
The new line will be tangent to eleml. The 
location where the user selects the tangent, 
arc or circle will be used to determine the 
desired line. 
a. 
The following sub-menu win appear: 
/POINT/TANG/PAR/PER/ANGLE/ 
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a. If POINT is selected, the user must 
specify a point. ft line is created 
tangent to eleml through this point. 
b. If TANG is again selected, the user must 
select another arc or circle (elem2), A 
line is created tangent to eleml and 
elem2. The location where the user 
selects the tangent arc or circle will 
be . used to determine the desired line. 
See figure 6-6. 
\ ■    ■  ' 
V 
The  left  circle   wns  selected  a+   1  \?nd  the 
right  circle  at  2  tc generate  line  AB. 
Figure 6-6:      LINE    TANGENT TO.TWO CIRCLES 
c. If PAR is selected, the user must select 
a line. An unbounded line is. created 
tangent .Jfco eleml and parallel to the 
selected line. 
d. If PER is selected, the user must select 
any line, arc or circle .(eleml). A line 
is created tangent to eleml and 
perpendicular .to  elem2.   The location 
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where the user selects the perpendicular 
arc or circle will be used to determine 
the desired line. 
e. If ANGLE is selected, the user must 
select a line and key In the number of 
degrees the angle forms with the 
selected line. * line is created 
tangent to elemi at the entered angle 
from the selected line. Ml angles are 
measured in a counterclockwise 
direction. 
4. PAR 
The  user must select a line Cllnel).  The new 
line will be parallel to this line. 
The following sub-menu win appear: 
/POINT/TANG/PERP/OFF 
a. If POINT is selected the user must 
specify a point, An unbounded line is 
created parallel to linel through this 
point. 
b. If TANG is selected, the user must 
select an arc or circle. An unbounded 
line is created Darallel to llnel and 
tangent to the selected arc or circle. 
The location where the user selects the 
tangent arc or circle will be used to 
determine the desired line. 
c. If PERP Is selected, the user must 
select an arc or circle. An unbounded 
line is created parallel to linel and 
perpendicular to the selected arc or 
circle. Thp location*" where the user 
selects the pernendlcular arc or circle 
will be used to determine the desired 
line. 
d. If OFF is selected, the user must key in 
an of-f-set distance and must specify a 
direction  point.   An unbounded line is 
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created parallel to llnel and offset the 
given distance.  See figure 6-7. 
/N 
+ 
C 
B 
V 
Line  AB and point C were  selected 
and an  offset  was  keyed in 
to create  the  unbounded line. 
Figure 6-7i      LIMP: CREATED AT AN OFFSET 
5. PERP 
The user must select a line, arc or circle. 
The new line will be perpendicular to the 
chosen element (elemt). The location where 
the user selects the Perpendicular arc or 
circle will be used to determine the desired 
line. 
The following sub-menu will appear: 
/POINT/TANG/PAR/PERP/AMGLFT* 
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a. If POINT Is selected, the user must 
specify a point. A. line is created 
perpendicular to eleml through this 
point, -v. ■    - 
b. If TANG is selected the user must select 
an arc or circle (elem2). A line is 
created perpendicular tq eleml and 
tangent to elem2. The location where 
the user selects the tangent arc or 
circle will be used to determine the 
desired line. 
c. If PAR is selected, the user must select 
a line (elem2). A line Is created 
perpendicular to eleml and parallel to 
elem2. This subcommand is invalid if 
eleml is a line. 
d. If PERP is selected, the user must 
select any line, arc or circle, 
(elem?). A line is created 
perpendicular to eleml and elem2. This 
sub-command is Invalid if both eleml and 
elem2 are lines. The location where the 
user selects the Derpendicular arc or 
circle will be used to determine the 
desired line. See figure 6-8. If ANGLE 
is selected, the user must select a line 
and key in the number of degrees the 
angle forms with the selected line. A 
line is created oeroendicular to eleml 
at the entered- anale from the selected 
line. All angles are measured in a 
counterclockwise direction. This sub- 
command is invalid If eleml is a line. 
6. AMGLE 
The user must select a line and key in the 
number of degrees the desired angle forms with 
this line. All angles are in a 
counterclockwise direction. 
The following sub-menu will appear: 
/PTINT/TANG/PERP/BISECT/ 
■*3 
s 
c 
Line AB 
selected 
line  CD. 
was  selected.   The  circle  was  then 
at  point   1   to  generate 
Figure 6-8: PERPENDICULAR  LINE 
a. If POINT is selected, the user must 
specify a point. A line is created 
through the Doint at the desired angle 
from the selected line. 
b. If TANG Is selected, the user must 
select an arc or circle (elerai). A line 
is created tangent to eleml at the 
desired angle f-romt he selected line. 
The location where the user selects the 
tangent arc or circle will be used to 
determine the desired line. 
c. If PERP is selected, the user must 
select an arc or circle (eleml). A line 
is created perpendicular to eleml at the 
desired angle fro"* the  selected  line. 
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The location where the user selects the 
perpendicular arc or circle will be used 
to determine the desired line. 
d. If BISECT is selected, the user must 
select two Intersecting lines. An 
unbounded line Is created which bisects 
the given angle. See figure 6-9. 
The U and V axes were keyed in to generate 
an unbounded Sine at 45 degrees 
Figure 6-9»   LINE CREATED AT THE BISECTION OF AN ANGLE 
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6.2.3 CIRCLE Creation of a Circle Clement 
A circle can be created as an element in the working 
plane through the use of the CIRCLE function. The user 
can define circle parameters hy specifying circumference 
points or a center point, by selecting tangent elements, 
or by keying in a radius. Where necessary, extensions of 
construction lines and arcs will be used (ie. Lines will 
be considered as unbounded lines, and arcs will be 
considered as circles). 
When creating a circle the following main menu will 
appear: 
CEN/CIRV 
Each of the above sub-commands will listed in the 
above menu will be described. 
1. CEN Center Point 
Any of the- methods described In the POINT 
command "CP" can be used to define the center 
point. 
2. CIR Circumference Point 
Any of the methods described In the POINT 
command "CP" can be used to define the 
circumference point. 
3. Key in the Radius. 
4. Select a Tangent Element. - 
The user may also select any line, arc or 
circle which is tangent to the desired circle. 
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Subsequent menus will appear containing valid 
combinations of the CEN, CTR, Radius and Tangent Element 
options until the user has supplied sufficient 
information to define a circle. An error message will be 
produced if a circle cannot be drawn with the supplied 
parameters. 
Upon creation of a circle, the user may reject the 
circle, select another circle sub-command, or return to 
the main menu in wording Plane mode. 
A circle can be created by: 
1. Specifying a center point and keying in a 
radius. 
2. Specifying a .center ooint and a circumference 
point. 
3. Specifying a center point and selecting a 
line, ate or circle which is tangent to the 
desired circle. The location where the user 
selects the tangent arc or circle will be used 
to determine the desired circle. See figure 
6-10. Specifying two circumference points and 
Keying in a radius. The user must also 
specify a reference Point to determine which 
of the two possible circles Is desired. See 
figure Specifying three circumference points. 
4. Specifying two circumference points and 
selecting any line, arc or circle tangent to 
the desired circle. The location where the 
user selects the tangent" arcs or circles will 
be used to determine which of the two possible 
circles is desired. see figure 6-12. 
Specifying one circumference point, keying in 
a radius, and selecting any element tangent to 
the desired circle. The location where the 
user selects the tangent element will be used 
to determine the desired circle.   See 'figure 
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Circle B  was  selected at   1   to create 
circle C. Point  A was  selected 
as  the  center  point. 
Figure 6-10:      CFNTKR OOIMT AND TANGENT 
5. 
6-13. Selecting any two elements which are 
tangent to the desired circle and specifying a 
circumference point. A reference point must 
be specified to determine which circle is 
desired. Selecting any two elements which are 
tangent to the desired circle and keying in a 
radius. A reference point must be specified to 
determine which circle is desired. See figure 
6-14. 
Selecting three intersecting lines which are 
tangent to the desired circle. A reference 
'point must be provided to determine which 
circle is desired. See figure 6-15. 
Selecting two lines and one arc or circle 
which are tangent -to- the desired circle. A 
reference point must be provided to determine 
which  circle  is  desired.   See figure 6-16.- 
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Points A and B were selected. The 
top circle was created by selecting J 
1 as the reterence location and 
the bottom circle by selecting 2. 
Figure 6-11:  RADIUS AND TWO CIRCUMFERENCE POINTS 
Selecting two arcs or circles and one line 
which are tangent to the desired circle. A 
reference point must be specified to determine 
which circle is desired. See figure 6-17. 
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jft. 
D 
+ 
A 
+ 
B 
(a) -(b) 
Points  A and B and line CD were 
selected to create the circle in 
figure (a). Figure (b) is invalid. 
Figure 6-12:      TANGENT AND TWO CIRCUMFERENCE POINTS 
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c 
*,4P*' 
Arc  AB  was  selected at   1,  point  C 
was  selected and a radius 
of  5 was keyed in to create the  circle. 
Figure 6-13t      RADIUS, TANGENT AND CIRCUMFERENCE POINT 
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A 
Lines AB  and BC  were selected. 
A radius  was keyed in and point   1   was used 
This  process is  useful for  creating fillets. 
Figure 6-14:      RADIUS AND TWO. TANGENT LINES 
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F 
Lines  AB,  CD,  and EF  were  selected. 
Location   1   was  used as  a 
reference to create the circle. 
Figure 6-15:      CIRCLE CPEATP TANGENT TO THREE LINES 
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A 
c     B 
B    D 
(a) (b) 
Circle  L"  and  lin.es  AB and  CD 
were  selected. 
Location   1   was. used as  the 
reference  point  to  create  the 
circle  in figure (a). 
Figure  (b)  is  invalid. 
Figure 6-16:      TWO TANGENT LINES AND A CIRCLE 
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s 
o 
(b) 
Line  AB  and  circles  C  and D  were  selected. 
Location   1   was  used as  the reterence 
point  to  create  circle E. 
Figure  (b) is  invalid. 
Figure 6-17:      TWO TANGENT CIRCLES AND A LINE 
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6.2.4 CONLIM Creation of a Connected Llnestrlng 
A series of connected lines and arcs can be created 
In the working plane through the use of the COMLIN 
function. Each of the lines and arcs Is considered an 
element In the working plane. 
When using CONLIN, comDlex constructions aids are 
not available to create an arc or line. The user can 
construct points In advance however, to be used as 
vertices with the CONLTN command. The. user Is limited 
though, to specifying three ootnts to define an arc (See 
ARC below). 
The CONL.IN function is used for Input only to a 
working plane linestring. To delete any element in the 
llnestrlng, the "ERS" command In the EDITEL function must 
be used.. 
The following sub-command can be accessed in CONLIN: 
ARC Begin the Arc Sub-nrocedure 
An arc is entered Into a string of connected lines 
using the last point entered before the ARC command as 
the first end point, the next entered point as the center 
and the following point to determine the second end 
point. For example, in figure 6-18 the straight line 
segments 3-4 and 6-7 and the arc 4-6 can be entered with 
the sequence 3,4,arc,5,6,7. The distance between the 
first  end  point  and the center point Is the radius, so 
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the second point to determine the next endppint can be 
anywhere along a straight line through 5 and 6. Of the 2 
possible arcs between the ejnd points (clockwise and 
counterclockwise), the system chooses the one whose slope 
at the first end point Is closest to the preceding line 
segment.  A smooth arc will be drawn. 
e 
Figure 6-18:  CREATION OF A CONNECTED LINESTRING 
The REJ sub-command will relect the arc.   The  OPP 
sub-comuand  will erase the  arc .and draw  it  in the*, 
opposite direction. 
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6.3 EDIT WORKING PLANE ELEMENTS 
Elements in the working Plane can be manipulated in 
many of the same ways as solids. Elements can be erased, 
moved, turned, scaled, reflected and copied. In 
addition, there are edit commands particular to 2D 
elements such as GRP, BRK, RELIM, and CLOSE. The user is 
restricted to editing elements only in the current 
working plane. 
EDITEL Edit Elements 
This command will activate the following main edit 
menu: 
GRP/C0PYV/ERS/M0VE/TURN/SCL/REF/RELIM/BRK/CLOSE/F/NV/RET 
A  cancel  command  entered while editing an element 
will return the user to this menu. 
Each of the commands listed in the above menu will 
be described. 
1. GRP Group elements 
A group is a temporary collection of elements 
to be used with the FRS, MOVE, TURN, SCL and 
REF commands. When the rHRGRP option is used 
In each of the above commands all elements in 
the current group are selected at one time. 
. When the GRP command is entered, the user may: 
- START Start a new group 
A new group will be established. The user 
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must select the elements to be Included 
In the group. Tt should be noted that 
only one group can exist at a time. This 
group will remain active until either a 
new group is started or the user exits 
from the worKina plane. 
- Modify a group 
The user can modify the group by 
selecting any element to add to, or 
delete from, the group. If the selected 
element currently resides in the group, 
it will be removed from the group. If 
the selected element Is not in the group, 
it will be added to the group. This 
sub-function is the default for this 
command. 
--HIGRP Highlight the group 
All elements in the group will be 
highlighted. 
- HIELM  Highlight  the  currently selected 
element 
The currently selected element will be 
highlighted. 
2. COPY/NOC^Py Copy elements 
This command reverses the copy mode. Tf copy 
is selected, the cony mode is activated. "Copy 
mode will remain active until the user selects 
NDCOPY. or exits from the working plane. 
Copy mode is used in conjunction with the 
following commands: MOVE, TURN, SCL, and REF. 
If the copy mode Is active, a replica of the 
elements to be edited remains in its original 
position. See figure 6-19. 
3. ERS Erase elements 
The user must specify which elements are to be 
erased. this can be done by selecting the 
elements, using the current group (CURGRP)* or 
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by using the currently selected element 
(CURELM). 
4. MOVE Move elements 
Elements are moved an amount specified by a 
relative displacement. The user must enter 
two points (in 20) to determine the 
displacement. The elements to be moved can be 
chosen by selecting the elements, using the 
current group (CURGRP') , or by using the 
currently selected element (CURELM). 
The OPP subcommand will redraw the specified 
elements with the oooosite displacement. The 
REJ subcommand will undo the move and prompt 
for the next element(s.). 
5. TURM Turn elements 
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The elements to be rotated can be determined 
by selecting the elements, using the current 
group (CURGRP), or by using the currently 
selected element (C"RF:LM). 
The OPP subcommand will redraw the specfied 
elements with the oDnoslte angle of rotation. 
The REJ subcommand wju undo the rotation and 
ask for the next element(s) to be turned. 
6. SCL Scale elements 
Selected elements are scaled about a 
stationary point. The user must specify the 
stationary point and vcey in the scale factor. 
The size of the elements^") will be changed by 
SO 
(a)- (b) 
Lines AE, BC and CD were selected as a group 
under the GRP command. Point 1 was selected as 
the stationary point and an angle of 90 degrees -was 
keyed in. The CURGRP was then chosen 3 times with 
copy mode on to create figure (b). 
Figure 6-l9t  TURN A GROUP . 
the  same 
directions. 
amount In both  the u  and 
The elements to be scaled can be determined by. 
selecting the elements, bv using the current 
group  (CURGRP),  or by using the currently 
selected element (CiiRRLM), 
The REJ subcommand win undo the scaling and 
prompt for the next elements(s). 
7. REF Reflect elements about a line 
Selected elements are reflected about an 
arbitrary line. A mirror image of these 
elements is produced. The user may enter two 
points or select a line to determine the  line 
SI 
about which the reflection will be done. 
The user can specify the elements to be 
reflected by selecting the elements, using the 
current group (CURGRP), or by using the 
currently selected element: (CURELM). 
The REJ subcommand will undo the reflection 
and prompt the user for the next element(s). 
RELIM Relimit an element 
This command is used to change the length of a 
selected arc or line. The user must indicate 
which end of the element is to be modified and 
then select the limiting element. See figure 
6-20. 
C 
D 
(a) X(b) 
Arc  AB was selected -as  the element  to relimit. 
Line  CD  was  selected as  the intersecting 
element  to generate tigure  (b). 
Figure 6-20:      RFLIMTT AN ARC 
•52 
The REJ subcommand will undo the relimit and 
prompt the user for the next element(s). 
9. BR'K Break an element 
This command will break any selected line, 
arc, or circle into two elements. Tj*e user 
must indicate with the display device where 
the break should occur. Two break points must 
be indicated for a circle. See figure 6-21. 
The circle was selected at point A. Point B 
was selected as an additional break- point 
to create two arcs. AB and BC. 
Figure 6-21T   BRFAK t  CIRCLE 
The REJ subcommand will undo the break and 
prompt for the next element(s). 
10. CLOSE Close an element 
This command converts a selected arc into a 
circle, or a selected line into an unlimited 
line. 
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The REJ subcommand will undo the close and 
prompt for the next element(s). 
11. F M Refacet an arc or circle 
This command is to be used only when an arc or 
circle in the wording Diane is to be / 
translated or rotated to form a solid (using 
the PR or PT commands). The user must key in 
the number of facets N, and then select the 
arc or circle desired. . 
This command has no effect on the  drawing of - 
the arc or circle in the working plane. 
12. NV Name vertex 
This command permits names to be associated 
with or removed from vertices in the model. 
The user may specify any vertex in 3-space. 
The name can be shown on the graphic display 
or not. The user makes this decision at input 
time, but can subsequently change that 
decision using the NSHM (no show name) afad SHN 
(show name) commands.       / 
54 
6.4 MODEL COORDINATE SYSTEMS 
The reference coordinate system for the model is 
called the World Coordinate System (WCS). An axis 
indicator with 6 legs is displayed on the screen, 
indicating the orientation of the 3 mutually 
perpendicular axes (x,y,z) of the WCS and their negatives 
(See figure 6-22). The leers have the same lengths in 
^-dimensional space, but as the view point is changed, 
the orientations and lenaths of the vectors in the axis 
indicator also change to reflect the new view point. 
A second coordinate svstem "called the Local 
Coordinate System (LCS) rat any orientation or. origin in 
3-space) can be defined interactively. Its directions 
(u,v,w) are shown on a second axis indicator. Relative 
u, v or w coordinates can be Indicated by using the 
respective axis as a subcommand. Absolute coordinates in 
the LCS can be Indicated bv using the LOC sub-function. 
Initially, the origin of the LCS is set at (0,0,0) in the 
WCS and the u, v and w axes are oriented in the x, y and 
z directions respectively. 
LCS LOCAL COORDINATE SYSTFM 
The user can manipnlate the. LCS through the use of 
the following sub-functions: 
SS 
w 
w 
u><oc 
Figure 6-22:      MODEL COORDINATE SYSTEMS 
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1. Indicate Three Points 
The orientation of the LCS (with respect to 
its current origin) can be defined by 
indicating 3 points (the points \, 2 and 3 of 
figure 6-22). Direction t? is the +u axis of 
the LCS, The +v axis is perpendicular to 12 
and is in the 123 Diane. The +w axis is 
perpendicular to the u and v axes in a 
direction forming a right handed coordinate 
system. 
A
 - This sub-function is the default for LCS. 
2. \  Rotate About an Axis 
The orientation of the LCS (with respect to 
its current origin) can be defined by 
"\ indicating any of the axes, u, v, w, x, y or z 
and the relative number of degrees of counter 
clockwise rotation desired. 
3. TRAV Translate the Origin 
The origin of the LCS is moved to a selected 
point. The orientation (direction cosines) of 
the u,v, and w axes remain unchanged. 
4. SMAPWp Snap  the T,rs t0 a Selected Working 
Plane 
The LCS is alligned to the origin and 
orientation of a selected working plane. The 
w axis is perpendicular to the working plane. 
5. RES Reset to World Coordinate System 
The LCS is reset to the World Coordinate 
System. 
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7, DATA STRUCTURES 
7.1 MODEL FILE 
The current IBM SOLID system employs a hierarchical 
data structure. That Is, the oblects or nodes In a model 
are related to one another by a series of pointers 
forcing a tree structure. For example, in figure 7-1, 
node i has a pointer to its "dad" (the model node), to 
its "brother" (node 2), and to its first "son" (node 4). 
In addition to these hierarchical pointers, the node 
contains the object's orientation in 3D space, the b^ject* 
type (cuboid, cylinder, non-orimitive etc.), and a 
pointer to a polyhedron list. The polyhedron list 
contains information on the surfaces, edges, and vertices 
of the object. 
The working plane is a node in the model hierarchy. 
It is considered a primitive or the lowest level of 
object ( like cuboid or cylinder) thus; it has no nodes 
below it in the tree. 
Unlike a solid, the polyhedron list for the working 
plane contains only edae and vertex information. In 
addition, the IBM SOLID system represents all objects by 
using line edges only. Th» concept of arc and point 
edges was introduced in the working plane. A summary of ' 
the polyhedron list for a workina pf*ane Js shown in table 
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TOP  NODE 
MODEL  NODE 
N3 
Figure 7-1x  IBM soLin HIERARCHICAL DATA STRUCTURE 
7-1. Note that mathematical representations of arcs and 
circles are used rather than straight line 
approximations. 
The bitword in table 7-1 is defined as follows: 
-^its 1 *nd 2 are used by soMds only. 
;- Bit 3 signifies an arc or circle. 
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Table 7-1:  WORKING PLAMF POLYHEDRON LIST 
ELEMENT TYPE   BITWORD   FIFLD1   FIELD2   FTELD3 
Arc 
Arc 180 
Arc 360 
Point 
Line LL 
Line UU 
Line UL 
Line LU 
- Bit 4 signifies a H^ne.  - 
- Bits 5 and 6 have various meanings. If bit 4 is 
set, then bits 5 and 6 indicate unlimited 
portions of a line. If bit 3 is set, then bits 
5 and 6 determine the type of arc or circle. 
- Bit 7 is a counterclockwise bit for arcs. 
00100c Start End Center 
00101c Start End Circum 
00100C Start Circum Center^ 
oooooo Point 
000100 Start End - 
000111 Start End tm 
000110 
000101 Start ,End - 
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7.2 DISPLAY FILE 
The IBM SOLID system uses a display list when 
drawing objects on the screen. This display list 
contains only those objects which are at least partially 
visible on the screen. The grannies routines then clip 
the objects in the disolav list and draw them on the 
screen. The use of a display list minimizes the 
frequency of display regeneration. Thus, if additional 
elements are to be added to the display, no regeneration 
is necessary. 
Since all objects in the IBM SOLID system are 
represented by straight lines only, the display list had 
to be modified to handle the wording plane elements of 
points, arcs and circles. The format for the working 
plane display list is shown In figure 7-2. 
The  display* list design not only enables efficient 
drawing of working plane  elements,  but  also  efficient 
<   element  selection  as well.  For example. If the user is 
searching for a line in the wording plane,  the display 
list for a line need only be searched. 
The following steps are used to generate and to draw 
the display.list. 
- First, a box test is conducted on the entire 
working plane to determine whether it lies at 
least partially on the screen. 
61 
MODEL FILE 
NODE 
DISPLAY SEGMENT 
TABLE 
NODE ADRCS3 (1) 
OBJECT BOX 
POINTER TO DISPLAY 
LIST 
DISPLAY LIST  IND <l> 
NOOC ADDRCS3 C2> 
OBJECT BOX (2) 
POINTER TO DISPLAY 
LIST 
DISPLAY LIST  IND <2> 
POINT DISPLAY LIST 
ARC DISPLAY LI5T 
CIRCLE DISPLAY LI5 
LINE DISPLAY LIST 
* 
WP DISPLAY LIST 
POINTER TO PT DISPLAY 
POINTER TO ARC DISPLAY 
POINTER TO CIRCLE DISPLAY 
POINTER TO LINE DISPLAY 
Figure 7-2«  WORKING PLANE DISPLAY LtST 
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If the working plane lies on the screen, a box 
test Is then conducted on each element in the 
working plane to determine whether It lies at 
least partially on the screen. 
If the element lies on the screen, its 
parameters are projected to the screen and 
entered into the disolay list. Thus, circles 
in the model are stored as ellipses in the 
display list to handle various viewing angles. 
The draw routine then aenerates line segments 
for arcs, circles and ooints "on the fly". 
This greatly reduces the size of- the display 
list  for  arcs and circles.  An efficient line 
11 
generation routine by Smith  will be used  to 
generate  the   line  segments  for  arcs  and 
circles. 
The graphics routine then clips each,, ojE-—*the 
elements in tfce display list to the screen and 
then draws them. 
11 ;  ■ '     . •       '■ 
L. Smith, "Drawing Ellipses, Hyperbolas or ParabojLas. 
With  a  Fixed Number „of  Points  and Maximun Inscribed 
Area," Computer Journal, Vol. 14, 1969, p.81. 
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8. CONCLUSIONS >   . 
The charge of this thesis was to design a system to 
enhance IBM SOLID to include geometric const-ructions in a 
plane. The proposed system provides the capability for 
constructing and editing 2D elements In a.defined working 
plane. Frominput recieved from the pilot location using 
IBM SOLID, this capability Is a much needed on*. 
The benefits of planar constructions are many and 
include: 
1. Increased Productivity. Many hours of 
mathematical calculations should be reduced 
drastically. Designers need not calculate 
exact coordinates but onlv select elements and 
specify conditions (le. tangent, parallel 
etc.). 
2. Reduced Skill Level of Operator. The skill 
level of operators can be reduced as 
mathematical expertise will not be required. 
Thus the system can be used by mechanical 
designers and draftsmen alike. 
3. Reduced Errors. The probability of design 
errors will be reduced since many mathematical 
calculations will be oerformed automatically. 
4. Increased Flexibility. The user can work in 
any dimension that is easiest or most 
comfortable tor him. ft user may create a 2D 
secton of a complicated part and sweep it into 
a~ salid# rather than to bulid the part from 
1
 solid primitives. 
5. Reduced Complexity, A complex drawing can be 
reduced to planar views. . For example, a user 
could establish a local coordinate system and 
work in a plane to simplify the input of 
coordinates.- and to deal with only two 
dimensions at a. time.      . "' . ' 
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6. Increased Acceptance. This system bridges the 
gap between 2D and 3D worlds. Users that are 
accustomed to working in a 2D environment may 
accept the transfer to solids more readily if 
they are introduced to familiar concepts. 
' ■ '■' ■v-'*Sl" 
\ 
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9. AREAS OF FUTURE STUDY 
The addition of planar construction aids was the 
first phase of enhancements to IBM SOLID. Subsequent 
modifications include the entry and display of dimensions 
and tolerances in 3D space. These would be stored in the 
3D model and would be associated appropriately with the 
solid-iobject. Dimensioning oresents some unique problems 
when applied to 3D space. For example* problems arise 
when viewing angles make the dimensions unreadable. 
The addition of tolerances would open "Pandora's 
Box" to a myriad of applications. Tolerances, like 
dimensions, could be used for design documentation. In 
addition, tolerances could be used with interference 
checking "to simulate assembly "fits". worst case / 
tolerance buildups could be analyzed. 
6ft 
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